Multi-walled carbon nanotubes (MWCNTs) are known for their transient inflammatory and progressive fibrotic pulmonary effects; however, the mechanisms underlying these pathologies are unknown. In this study, we used time-series microarray data of global lung mRNA and miRNA expression isolated from C57BL/6J mice exposed by pharyngeal aspiration to vehicle or 10, 20, 40, or 80 mg MWCNT at 1, 7, 28, or 56 days post-exposure to determine miRNA and mRNA regulatory networks that are potentially involved in MWCNT-induced inflammatory and fibrotic lung etiology. Using a non-negative matrix factorization method, we determined mRNAs and miRNAs with expression profiles associated with pathology patterns of MWCNT-induced inflammation (based on bronchoalveolar lavage score) and fibrosis (based on Sirius Red staining measured with quantitative morphometric analysis). Potential binding targets between pathology-related mRNAs and miRNAs were identified using Ingenuity Pathway Analysis and the miRTarBase, miRecords, and TargetScan databases. Using these experimentally validated and predicted binding targets, we were able to build molecular signaling networks that are potentially reflective of and play a role in MWCNT-induced lung inflammatory and fibrotic pathology. As understanding the regulatory networks between mRNAs and miRNAs in different disease states would be beneficial for understanding the complex mechanisms of pathogenesis, these identified genes and pathways may be useful for determining biomarkers of MWCNT-induced lung inflammation and fibrosis for early detection of disease.
The transcriptome undergoes rapid restructuring during the cellular lifecycle and in response to external stimuli (Brown, 2006) . Protein-coding mRNAs are under constant regulation by noncoding RNAs, such as ribosomal RNAs, transfer RNAs, and miRNAs, during nearly all stages of gene expression (Brown, 2006; Fatica and Bozzoni, 2014) . The regulatory relationship between mRNA and miRNA has been heavily studied since its first discovery (Lee et al., 1993) . Mature miRNAs are more than 22 nt in length and bind to complementary nucleotide sequences in the 3 0 -UTR of their target mRNAs, directing the mRNA for degradation or translational repression, dependent upon the level of complimentarity (Bartel, 2004; Beezhold et al., 2010) . Transcriptomic analysis of the overall mRNA and miRNA expression profiles of a particular cell type or disease state has become a promising method when choosing appropriate drug treatments or determining potential biomarkers of disease (Ferte et al., 2013; Karn, 2013) . Computational toxicology, the integration of global cellular transcriptomic analysis with advanced computer modeling for high throughput, in silico toxicology testing, aims to evaluate the potential human health effects of the ever growing number of toxicants (EPA, 2014) and is of particular interest in the burgeoning nanotoxicology field. Nanomaterials, materials with at least 1 dimension in the 1-100 nm range, have different physicochemical characteristics and toxicological effects than their fine-sized counterparts. Due to their small size, nanomaterials and nanoparticles pose a significant pulmonary exposure threat during their production and use, with the potential to damage the lung and translocate beyond the respiratory tract (Kendall and Holgate, 2012) . In particular, multi-walled carbon nanotubes (MWCNTs) have raised concern for potential pulmonary toxicity due to their high level of production and use in various industrial settings. Consisting of concentric cylinders of carbon, MWCNT possesses immense strength and a long, fibrous phenotype (Iijima, 1991) . In vivo pulmonary studies of both aspiration and inhalation exposure to MWCNT resulted in transient inflammation after aspiration and persistent inflammation after inhalation, with progressive fibrosis and translocation of the MWCNT to various other organs, including the diaphragm, brain, liver, and kidney (Mercer et al., 2013a (Mercer et al., , 2013c Porter et al., 2010 Porter et al., , 2013 . Fibrosis in the lung is an irreversible restructuring of tissue that results in loss of basement membrane integrity, inappropriate extracellular matrix deposition without reestablishment of normal alveolar structures, and eventual end-stage lung disease (Strieter, 2008) . The mechanisms leading to fibrosis are unclear, and early detection remains difficult; therefore, the need to determine predictive biomarkers of lung fibrosis is of utmost importance (Putman et al., 2014) .
In addition to the discovery of the regulatory role between miRNA and mRNA comes the potential for these relationships to be used for understanding the complex mechanisms of disease pathogenesis (Cho et al., 2011; Nana-Sinkam et al., 2009; Sessa and Hata, 2013) . Understanding the regulatory interactions between mRNA and miRNA in fibrosis would be a powerful analytical tool; however, although large amounts of mRNA gene expression data are available, the underlying regulatory miRNA networks are largely unknown (Cheng and Li, 2008) . Traditional methods for studying this regulatory relationship typically include integrated methods of negative correlation and up-and down-regulation, but these methods do not take into account disease pathology patterns. Dynamic analysis of the miRNA/mRNA relationship in a disease state needs to be considered over the time course of response, allowing for the evaluation of miRNA/mRNA pairs that are consistently in opposition at most time points, but may exhibit divergence from this trend at key times post-exposure (Dymacek and Guo, 2014) . In this study, we used an integrated analysis of miRNA and mRNA time series microarray data to identify miRNA/ mRNA regulatory relationships reflective of lung inflammatory and fibrotic pathologies after in vivo mouse exposure by pharyngeal aspiration to dispersion media (DM) or 10, 20, 40, or 80 mg MWCNT at 7 or 56 days post-exposure (peak time points of transient inflammation and progressive fibrosis, respectively) (Porter et al., 2008 . We suggest that these regulatory networks may be important for determining the biological processes underlying lung inflammatory and fibrotic pathologies, as well as serving as potential biomarkers for early detection of MWCNT-induced lung disease.
MATERIALS AND METHODS
MWCNT. Bulk MWCNT: The MWCNT used in this study were obtained from Lot No. 05072001K28) and have been previously characterized . Briefly, the bulk MWCNT exhibited a distinctive crystalline structure, with the number of walls ranging from 20 to 50 as determined by high-resolution transmission electron microscopy (TEM). Overall, MWCNT trace metal contamination was 0.78%, including sodium (0.41%) and iron (0.32%), with no other trace metal contamination over 0.02%. Endotoxin contamination was below the level of detection. A survey-scan spectrum obtained by x-ray photoelectron spectroscopy measurement had a dominant C 1s peak (284.6 eV), with a small amount of oxygen and no other elements detected.
MWCNT in DM: TEM micrographs of MWCNT dispersed in DM demonstrated significant dispersion of MWCNT in DM (Porter et al., 2008 . Quantitative analysis of the TEM micrographs determined the median length of the MWCNT sample to be 3.86 mm (geometric standard deviation (GSD) 1.94) and the count mean width to be 49 6 13.4 (standard deviation [SD]) nm. The zeta potential of the MWCNT in DM was À11 mV. The MWCNTs used in this study were analyzed by electron spin resonance (ESR) and were found to decrease the ESR signal when added to the ESR reaction mixture, suggesting that MWCNT could scavenge OH produced by the Fenton reaction. Additionally, when the MWCNTs were substituted for the Fe 2þ in the Fenton reaction, no OH was detected, suggesting that the iron present in the MWCNT was not capable of inducing reactive oxygen species .
Animals. The animal study described here was previously reported . Briefly, male C57BL/6J mice (7 weeks old) were obtained from Jackson Laboratories (Bar Harbor, Maine). Individual mice were housed 1 per cage in polycarbonate isolator ventilated cages and provided high-efficiency particulate absorption (HEPA)-filtered air with fluorescent lighting from 07:00 to 19:00 h. Autoclaved Alpha-Dri virgin cellulose chips and hardwood Beta-chips were used as bedding. Mice were monitored to be free of adventitous viral pathogens, parasites, mycoplasms, Helicobacter, and CAR Bacillus. Mice were maintained on Harlan Teklad Rodent Diet 7913 (Indianapolis, Indiana), and tap water was provided ad libitum. Animals were allowed to acclimate for at least 5 days before use. All animals in this study were housed in an AAALAC-accredited, specific pathogen-free, and environmentally controlled facility. All animal studies and procedures were approved by the National Institute for Occupational Safety and Health ACUC.
MWCNT pharyngeal aspiration exposure. Suspensions of MWCNT were prepared in DM (Ca2þ and Mg2þ-free phosphate-buffered saline, pH 7.4, supplemented with 5.5mM d-glucose, 0.6 mg/ml mouse serum albumin, and 0.01 mg/ml 1,2-dipalmitoylsn-glycero-3-phosphocholine) and administered as previously described (Porter et al., 2008 . In brief, each treatment group (DM or 10, 20, 40 , or 80 mg MWCNT) consisted of 8 mice, which were anesthetized with isoflurane (Abbott Laboratories, North Chicago, Illinois). When fully anesthetized, the mouse was positioned with its back against a slant board and suspended by the incisor teeth using a rubber band. The mouth was opened and the tongue gently pulled aside from the oral cavity. A 50 ml aliquot of sample was pipetted at the base of the tongue, and the tongue was restrained until at least 2 deep breaths were completed (but not for longer than 15 s). Following release of the tongue, the mouse was gently lifted off the board, placed on its left side, and monitored for recovery from anesthesia. Comparative studies have shown that welldispersed suspensions of MWCNT given by aspiration exposure can result in similar lung distribution patterns as MWCNT administered by inhalation exposure, and there is similar structure between MWCNT prepared for aspiration and those prepared for inhalation (Mercer et al., , 2013a (Mercer et al., , 2013b Porter et al., 2010 Porter et al., , 2013 .
At 1, 7, 28, and 56 days post-exposure, mice were euthanized by an intraperitoneal injection of sodium pentobarbital (>100 mg/kg body weight). Deep anesthesia was confirmed when the mouse no longer responded to a toe pinch. Transection of the abdominal aorta was completed to provide exsanguination. Lungs were rapidly removed, placed into RNAlater, and frozen at À80 C for future use.
Tissue RNA extraction. Total RNA was extracted from frozen mouse lung tissue samples (À80 C) in RNAlater using an RNeasy Fibrous Tissue Mini Kit according to manufacturer's protocol (Qiagen) (Pacurari et al., 2011) , followed by DNase treatment with a TURBO DNA-free kit (Ambion). Total RNA was eluted in RNase-free water and stored at À80 C until further analysis. The concentration of each RNA sample was determined using a NanoDrop-1000 Spectrophotometer (NanoDrop Tech, Germany).
mRNA microarray expression profiling and preprocessing. For mRNA profiling, extracted RNA was analyzed for expression profiling using Agilent Mouse Whole Genome Arrays (Agilent, Santa Clara, California) by the Marshall University Microarray Facility (Huntington, West Virginia). A universal reference design was employed using Stratagene Universal Mouse Reference RNACat. No. 740100 (Agilent) as the reference RNA. Total RNA quality was determined on an Agilent 2100 Bioanalyzer, with all samples having RNA integrity numbers greater than 8. Total RNA (250 ng) was labeled using the QuickAmp labeling kit (Agilent). RNA extracted from each mouse was labeled with cyanine (Cy)-3-CTP (PerkinElmer, Waltham, Massachusetts), and reference RNA was labeled with (Cy)-5-CTP. Following purification of labeled cRNAs, 825 ng of Cy3-and Cy5-labeled cRNAs were combined and hybridized for 17 h at 65 C in an Agilent hybridization oven. Microarrays were washed and scanned using an Agilent DNA Microarray Scanner. Data were exported from the Agilent DNA Microarray Scanner using Feature Extraction v10 as tab-delimited text files after background subtraction, log transformation, and lowess normalization and reported as log or relative expression of the sample compared with the universal reference. Data were read from each file into R using a custom script. For each array, values for control spots, spots which were saturated on either channel, and spots which were not well above background on at least 1 channel were considered unreliable and/or uninformative and replaced by "NA." Values were collated into a single table, and probes for which fewer than 10 present values were available were removed. For probes spotted multiple times on the array, values were averaged across replicate probes. The resulting table is available as a series matrix in the NCBI Gene Expression Omnibus repository with accession number GSE29042 (Guo et al., 2012) .
miRNA expression profiling and preprocessing. For miRNA profiling, RNA samples were sent to Ocean Ridge Biosciences (Palm Beach Gardens, Florida) for analysis using custom multi-species microarrays containing 704 mouse miRNA probes covering 714 mature mouse miRNAs present in miRBase version 15. The sensitivity of the microarray is such that it could detect as low as 20 amoles of synthetic miRNA being hybridized along with each sample. The microarrays were produced by Microarrays Inc (Huntsville, Alabama) and consisted of epoxide glass substrates that had been spotted in triplicate with each probe. Quality control of the total RNA samples was assessed using UV spectrophotometry and agarose gel electrophoresis. The samples were DNAse digested, and low-molecular weight (LMW) RNA was isolated by ultrafiltration through YM-100 columns (Millipore) and subsequently purified using an RNeasy MinElute Clean-Up Kit (Qiagen). The LMW RNA samples were 3 0 -end labeled with
Oyster-550 fluorescent dye using a Flash Taq RNA Labeling Kit (Genisphere). Labeled LMW RNA samples were hybridized to the miRNA microarrays according to conditions recommended in the Flash Taq RNA Labeling Kit manual. The microarrays were scanned on an Axon Genepix 4000B scanner, and data were extracted from images using GenePix V4.1 software. Spot intensities were obtained for the 5916 features on each microarray by subtracting the median local background from the median local foreground for each spot. Detection thresholds (T) for each array were determined by calculating the 10% trim mean intensity of the negative control spots and adding 5Â the SD of the background (non-spot area). The spot intensities and the T were transformed by taking the log (base 2) of each value. The normalization factor (N) for each microarray was determined by obtaining the 20% trim mean of the spot intensities for the mouse probes above threshold in all samples. The log2-transformed spot intensities for all 5916 features were normalized by subtracting N from each spot intensity and scaled by adding the grand mean of N across all microarrays. The mean probe intensities for each of the 1936 mouse probes on each of the 160 arrays (1 sample per array) were then determined by averaging the triplicate spot intensities. Spots flagged as poor quality during data extraction were omitted prior to averaging. The 704 mouse non-control, log2-transformed, normalized, and averaged probe processing intensities were filtered to obtain a list of 484 mouse miRNA probes showing probe intensity above T in all samples from at least 1 treatment group.
Identifying mRNA associated with MWCNT-induced pathological responses. The MEGPath (Dymacek and Guo, 2011) system was used to identify mRNAs with expression transcriptionally concordant with inflammatory and fibrotic pathologies in mice exposed to DM or 10, 20, 40, or 80 mg MWCNT by aspiration for 1, 7, 28, or 56 days (Porter et al., 2008 as previously described (Snyder-Talkington et al., 2013) . Inflammatory pathology was defined by the analysis of bronchoalveolar lavage fluid at Day 7, Dose 40 mg as previously reported . Fibrotic pathology was defined by the analysis of Sirius Red staining of collagen in mouse lungs at Day 56, Dose 80 mg as previously reported , and was quantified with morphometric analysis (Mercer et al., 2011) . Using non-negative matrix factorization (NMF) (Lee and Seung, 1999) , biological patterns related to the inflammatory and fibrotic pathologies were identified, with the expression profiles of the significant genes and pathology patterns as constraints. Identified patterns were then used to find genome-wide coefficients that related each gene to the different pathological patterns and identified sets of genes from the curated Molecular Signatures Database (MSigDB) (Subramanian et al., 2005) whose expression matched the inflammatory and fibrotic pathological patterns, allowing for annotations for each gene function and biological processes and pathways that are significantly related to the pathology patterns. Genes could be contained in multiple biological processes and pathways. The gene sets were functionally related and belonged to the same biological process, but were not required to be coexpressed (Snyder-Talkington et al., 2013) .
Identifying miRNA associated with MWCNT-induced pathological responses. As there are currently no available resources comprehensively annotating the involvement of miRNA in biological processes and pathways, we used 2 approaches to identify miRNA associated with MWCNT-induced pathological responses. In the first approach, miRNA with transcriptional profiles that matched MWCNT-induced pathological patterns were selected using the NMF algorithm. In the second approach, all significant miRNA in the in vivo animal study were analyzed with Ingenuity Pathway Analysis (IPA, Ingenuity Systems, www.ingenuity.com), and those functionally involved in inflammation and fibrosis were selected.
In the first approach, a constrained NMF algorithm was used to relate the constraint pathology to the miRNA. Patterns and each probe's corresponding coefficients were computed from time series miRNA microarray data. The first pattern was constrained to match the pathology. A probe's error was calculated as the absolute difference between the normalized, reconstructed probe expression and the normalized original probe expression. Next, coefficients corresponding to the constrained pathological pattern were considered for significance testing. Error values were subtracted from the coefficients to eliminate probes with high reconstruction error and reduce the opportunity for false positives generated from probes with noisy data. The modified genome-wide coefficients were then plotted to visually check for a normal distribution. A normal distribution was fit to the modified coefficients, and significant probes (P 0.05) were kept for further analysis. Only the coefficients for the pathological pattern were used as constraints in the NMF modeling.
In the second approach, all significant miRNAs were input into IPA. Inflammatory response-Inflammatory response and organismal injury and abnormalities-fibrosis disease overlays were used to determine miRNAs experimentally shown to be involved in inflammation and fibrosis, respectively.
The time and dose-dependent expression changes of each miRNA in mice following MWCNT exposure can be viewed at http://www.mwcnttranscriptome.org/.
Integrated mRNA/miRNA analysis. After mRNA and miRNA associated with MWCNT-induced pathological patterns were identified in the previous steps, known potential miRNA targets and both mRNA and miRNA expression data were utilized to select mRNA/miRNA pairs that were potentially involved in miRNAmediated post-transcriptional regulation. Potential mRNA/ miRNA target pairs were identified from the miRTarBase (Hsu et al., 2014) , miRecords (Xiao et al., 2009) , and TargetScan (Lewis et al., 2005) databases. Both validated human and mouse miRNA/mRNA target pairs were kept for further analysis. The miRBase (Griffiths-Jones et al., 2006) website was used to translate a probe's name into its most recent form. Potential target pairs were filtered according to the gene expression data by using the second derivatives of the mRNA and miRNA fold change (Dymacek and Guo, 2014) . Specifically, a miRNA/mRNA pair was considered a target pair if the second derivatives at the same time point were of opposite signs, indicating a divergence in expression during miRNA-mediated post-transcriptional regulation.
Ingenuity pathway analysis. mRNAs involved in inflammation and fibrosis were determined as previously described (SnyderTalkington et al., 2013) through the use of IPA. A network/My pathway is a graphical representation of the molecular relationships between molecules. Molecules are represented as nodes, and the biological relationship between 2 nodes is represented as an edge (line). All edges are supported by at least 1 reference from the literature, from a textbook, or from canonical information stored in the Ingenuity Knowledge Base. Human, mouse, and rat orthologs of a gene are stored as separate objects in the Ingenuity Knowledge Base but are represented as a single node in the network. Nodes are displayed using various shapes that represent the functional class of the gene product.
To create connections between significant mRNAs and miRNAs, the Build-Connect tool of IPA was used, with only direct relationships shown. The relationships between mRNAs and miRNAs were also assessed using miRecords, mirTarBase, and TargetScan (Hsu et al., 2014; Lewis et al., 2005; Xiao et al., 2009) . Direct relationships confirmed by IPA are shown by a solid black line. If a confirmed regulatory relationship was found in miRecords or mirTarBase that was not found in IPA, the mRNA and miRNA were connected with a solid line without arrow. If a predicted relationship was found in TargetScan that was not found in IPA, the mRNA and miRNA were connected using a dotted line.
A Core Analysis was run on each set of inflammation, fibrosis (NFM), and fibrosis (IPA) mRNAs and miRNAs. The top 5 canonical pathways represented by the mRNAs and miRNAs in the given set were determined. The P-value determined by IPA is a measure of significance based on the number of genes/molecules that map to a biological function, pathway, or network.
RESULTS

Identifying Candidate mRNAs and miRNAs for Integrated Analysis
Identifying mRNAs associated with inflammatory and fibrotic pathological patterns. A set of mRNAs significantly related to MWCNTinduced inflammatory and fibrotic pathological patterns in mice exposed by pharyngeal aspiration to DM or 10, 20, 40, or 80 mg MWCNT at 7 and 56 days post-exposure was determined as previously described (Snyder-Talkington et al., 2013) . These sets of mRNAs were newly analyzed for this study using the IPA Winter Release 2013. A total of 724 mRNAs significantly matched the inflammatory pathological patterns (inflammation leading set), and 833 mRNAs matched the fibrotic pathological patterns (fibrosis leading set). The inflammation and fibrosis leading sets were then analyzed with IPA to determine those mRNAs with expression transcriptionally related to the MWCNT-induced inflammatory or fibrotic pathologies that were also functionally related to inflammation or fibrosis according to the curated Ingenuity Knowledge Base. A total of 134 and 89 genes was found to be functionally involved in inflammation (Supplementary  Table  1 ) and fibrosis (Supplementary Table 2 ), respectively, according to IPA.
Identifying miRNAs associated with inflammation and fibrosis pathology patterns. Expression of total miRNA isolated from mice exposed to DM or 10, 20, 40, or 80 mg MWCNT at 1, 7, 28, and 56 days post-exposure was analyzed by microarray and Significance Analysis of Microarrays (SAM) analysis. The expression of 92 miRNAs was significantly (FDR <5%) up-or down-regulated when compared with the DM control (Table 1) , and there were no significant miRNAs identified at the 10 mg dose. To identify miRNAs associated with inflammatory and fibrotic pathologies in mice, only miRNAs significantly changed at the time points of peak inflammation (Day 7 post-exposure) and fibrosis (Day 56 post-exposure) were analyzed with the corresponding pathological patterns. The NMF algorithm was run using the 80 mg dose fibrotic time series pathology constraints and the 40 mg dose time series inflammatory pathology constraints to determine the fibrotic and inflammatory patterns, respectively. For both analyses, 3 patterns were found for each dose over the 4 time points. The coefficients relating miRNA to the constraint pathology pattern were modified by subtracting the reconstruction error to penalize noisy gene expression in the reconstruction.
A normal distribution (mean: 0.271, SD: 0.0849) was fit to the modified inflammation coefficients. miRNAs with a coefficient greater than 0.4108 (P < 0.05) were considered to be significantly associated with the inflammation pathology and are listed in Table 2 . Likewise, a normal distribution was fit to the modified fibrosis coefficients (mean: 0.318, SD: 0.128). miRNAs with a coefficient greater than 0.5285 (P < 0.05) were considered significantly associated with the fibrotic pathology and are listed in Table 3 . These identified miRNAs have expression profiles highly concordant with MWCNT-induced pathological patterns, including lung inflammation and fibrosis, indicating a possible involvement in MWCNT-induced pathogenesis. These miRNA were selected for further integrative miRNA-mRNA analysis.
Significantly Changed miRNAs Functionally Involved in Inflammation and Fibrosis
In addition to the NMF analysis, IPA was used to find miRNAs functionally related to lung inflammation or fibrosis from those miRNAs significantly (FDR < 5%; SAM analysis) altered after MWCNT exposure (Table 1) , regardless of their association to the inflammatory or fibrotic pathologies. All significant miRNAs were input into IPA, and inflammatory response-inflammatory response and organismal injury and abnormalities-fibrosis disease overlays were used to determine miRNAs involved in fibrosis or inflammation, respectively, according to the Ingenuity Knowledge Base. IPA determined 10 miRNA to be -125b-3p, miR-149, miR-1932, miR-1935, miR-1937c, miR-2132, miR-2133, miR-2140, miR-296-3p, miR-30c-1*, miR-322, miR-486, miR-720 miR-125b-3p, miR-129-5p, miR-1306, miR146b, miR-188-5p, miR-1935, miR-1937c, miR-1951, miR-196b, miR-1982*, miR-21 , miR-296-3p, miR-29b*, miR-30c-1*, miR-323-5p, miR-327, miR-330, miR-341, miR-370, miR-382, miR-673-3p, miR-714, miR-744 miR-125b-5p, miR-1937c, miR-21, miR-328, miR-486, miR-720
Day 56 post-exposure miR-125b-3p, miR-146b, miR-147, miR-16*, miR-296-3p, miR-341, miR-3473, miR-449c, miR-450a-3p, miR-669a, miR-679, miR-696 miR-103, miR-125b-3p, miR-142-5p, miR146a, miR-146b, miR-147, miR-15a, miR15b, miR-188-5p, miR-1897-5p, miR-1982*, miR-199a-3p; mmu-miR-199b, miR-199a-5p, miR-200b, miR-221, miR26b, miR-297a, miR-297c, miR-30c, miR30e, miR-31, miR-3473, miR-34b-3p, miR-434-3p, miR-449c, miR-450a-3p, miR-466h, miR-467e, miR-467h, miR-471, miR-669a, miR-669e, miR-679, miR-696 miR-103, miR-1188, miR-125b-3p, miR-126-3p, miR-1306, miR-130b, miR-132, miR-142-5p, miR-146a, miR146b, miR-15a, miR-15a*, miR-16, miR-16*, miR-1892, miR-18b, miR-1902, miR-1903, miR-1906, miR-195, miR-196a, miR-199a-3p; mmu-miR199b, miR-199a-5p, miR-200a, miR200b , miR-21, miR-22, miR-221, miR-222, miR-26b, miR-296-3p, miR-30c, miR-30e, miR-31, miR-341, miR-342-3p, miR-3470b, miR-3473, miR-34a, miR-34b-3p, miR-34c, miR-429, miR-434-3p, miR-449b, miR-466b-5p, miR-669a, miR-669e, miR-679
Note: There were no significant miRNAs identified at Dose 10.
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functionally related to fibrosis (Table 4 ) and no significant miRNA to be related to inflammation.
Integrated mRNA and miRNA Analysis mRNAs significantly associated with MWCNT-induced inflammatory and fibrotic pathological patterns and functionally involved in lung inflammation and fibrosis in IPA analysis were used to identify miRNA targets and mRNA/miRNA regulatory networks. Similarly, the set of miRNAs significantly changed after MWCNT exposure and functionally involved in inflammation and fibrosis and the set of miRNAs associated with pathological patterns were used in the integrated miRNA/mRNA analysis. Potential mRNA targets of significant miRNAs were identified using the miRTarBase (Hsu et al., 2014) To be considered as a potential mRNA/miRNA target pair, the expression profiles of each mRNA/miRNA pair needed to have a differing second derivative in at least 1 time point, indicating a divergence in expression during miRNA regulated posttranscriptional activities. The integrated pathways of identified miRNAs and mRNAs were then analyzed and visualized with IPA. The results are provided in Tables 2-4 , listing miRNA/ mRNA regulations identified through our analysis that were either experimentally confirmed (Column 3 in Tables 2-4) or predicted as highly conserved target pairs (Column 4 in Tables 2-4 ). In comparison, the miRNA-mediated regulations retrieved from the IPA database are listed in the last column in Tables 2-4 . It is worth noting that the regulations stored in the IPA database may or may not overlap with the results identified with our algorithms. In total, 16 miRNAs were associated with the inflammatory pathology, 5 of which (miR-147-3p, miR-188-5p, miR-327, miR449a-5p , and miR-696) were significantly up-or down-regulated after MWCNT exposure. Four miRNAs, miR-147-3p, miR-449a-5p, miR-494-3p, and miR-92a-2-5p, had predicted or experimentally confirmed mRNA targets that were also associated with the inflammatory pathology ( Table 2 ). The integrated inflammation pathway based on miRNAs and mRNAs in Table 2 is shown in Figure 1 . The identified relations highlighted with a solid/dash line without arrow were not available in the IPA database. Specifically, a regulatory relationship between miR-147-3p and vegfa identified in our analysis was experimentally confirmed (Ye et al., 2008 ) (designated as a solid line without arrow in Fig. 1 ). Our analysis also predicted highly conserved target pairs between miR-92a-2-5p and mcl1 and wnt5a (dashed lines in Fig. 1 ). The gene expression direction (up-or downregulation relative to control) at doses 10, 20, 40, or 80 mg MWCNT on post-exposure Day 7 for each mRNA and miRNA is summarized in Supplementary Figure 1 . This time point was chosen because quantitative bronchoalveolar lavage scores from post-exposure Day 7 (Mercer et al., 2011; Porter et al., 2010) were the basis for the inflammatory pathological pattern.
Among the 12 miRNAs associated with the fibrotic patterns, 2 miRNAs (miR-31-5p and miR-328-3p) were significantly (FDR <5%; SAM analysis) up-or down-regulated after MWCNT exposure (Table 3 ). All 12 miRNAs had at least 1 mRNA target based on the miRTarBase, miRecords, TargetScan, or IPA databases (Table 3 ). The integrated fibrotic pathway based on miRNAs and mRNAs in Table 3 is shown in Figure 2 . In addition to the functional relationships found by IPA, our system identified experimentally confirmed regulations between ago1 and let-7c-5p, miR-455-3p, miR-652-3p, miR-326-3p, miR-328-3p, and miR-330-3p (Helwak et al., 2013) and between vegfa and miR-330-3p (Ye et al., 2008) . Our system predicted highly conserved target pairs between ednrb and miR-375-3p and miR-23b-3p; rassf1 and miR-330-3p; and miR-34c-3p and pdgfr, smad4, and serpine1. The gene expression direction (up-or down-regulation relative to control) at doses 10, 20, 40, or 80 mg MWCNT at post-exposure Day 56 for each mRNA and miRNA is summarized in Supplementary Figure 2 . This time point was chosen because quantitative morphometric analysis of Sirius Red staining for collagen at Day 56 (Mercer et al., 2011) was used as the basis to determine the fibrotic pattern.
Next, we used the set of mRNAs associated with the MWCNT-induced fibrotic pathological patterns and functionally involved with fibrosis in IPA analysis to identify their miRNA regulators. A total of 10 miRNAs were identified as potentially involved in MWCNT-induced fibrosis (Table 4) . Among them, (Tili et al., 2007) , tnfaip3 (Kim et al., 2012) , mmp13 (Xu et al., 2012) bmpr2, smad4, tnfrsf1b, vegfa bmpr2, tnfrsf1b, smad4
mmu-miR-126a-3p MIMAT0000138 vegfa ( mmu-miR-30c-5p MIMAT0000514 socs1 , vim (Bockhorn et al., 2013) , ago1 (Helwak et al., 2013) actc1, arid4a, ednrb, igf1 igf1, actc1, arid4a, serpine1
mmu-miR-322-5p MIMAT0000548 cx3cl1, kcnn4, ptgs2, smurf2, vegfa
Note: Significantly changed miRNAs are highlighted in bold.
7 miRNAs (miR-125b-5p, miR-126a-3p, miR-16-5p, miR-199a-5p, miR-21-5p, miR-30c-5p, and miR-322) had a significant (FDR <5%; SAM analysis) expression change after MWNCT exposure. All 10 miRNAs had at least 1 mRNA target based on the miRTarBase, miRecords, TargetScan, or IPA databases. The integrated fibrotic pathway for the miRNAs and mRNAs listed in Table 4 is shown in Figure 3 . In addition to the functional relationships retrieved with IPA, our analysis identified numerous post-transcriptional regulations that have been previously experimentally confirmed, including regulatory relationships between miR-125-5p and il1rn (Hofmann et al., 2009) , tnf (Tili et al., 2007) , tnfaip3 (Kim et al., 2012) , and mmp13 (Xu et al., 2012) ; miR-126a-3p and vegfa (Zhu et al., 2011) ; miR-18a-3p and hif1a (Hafner et al., 2010) , smad4 (Dews et al., 2010) , and hmgcs1 (Hafner et al., 2010) ; miR-26a-5p andegr1 (Chi et al., 2009) Table 4 (highlighted with solid lines without arrows in Fig. 3 ). Our analysis predicted highly conserved target pairs between miR-18a-3p and igf1 and tnfaip3; miR-322-5p and ptgs2, vegfa, kcnn4, cxcl1, and smurf2; miR-30c-5p and ednrb; and miR-26a-5p and ptx3 (designated by dashed lines in Fig. 3 ). The gene expression direction (up-or down-regulation relative to control) at doses 10, 20, 40, or 80 mg MWCNT at post-exposure Day 56 for the mRNAs and miRNAs in Figure 3 is summarized in Supplementary Figure 3 . These results indicate that our algorithms could identify miRNA-mediated post-transcriptional regulations in MWCNTtreated mice, either experimentally confirmed interactions or highly conserved target pair predictions, many of which were not available in the Ingenuity Knowledge Base. The identified miRNAs and mRNAs were significantly associated with MWCNT-induced pathological patterns and/or significantly upor down-regulated in the mouse lung following MWCNT exposure, indicating their potential involvement in pathogenesis and utility as biomarkers for disease. The integrated pathway analysis of miRNA and mRNA and the revealing of their regulatory interactions further elucidated their functional roles in molecular disease mechanisms.
Potential Signaling Pathways in MWCNT-Induced Lung Inflammation and Fibrosis
To determine signaling pathways potentially involved in the inflammatory and fibrotic pathological responses to MWCNT exposure, all functionally related mRNAs and miRNAs were analyzed by IPA using a Core Analysis. The top 5 canonical pathways significant to the mRNAs and miRNAs found in the integrated inflammation analysis (Table 2) were Axonal Guidance Signaling, IL-6 Signaling, Corticotropin Releasing Hormone Signaling, Ovarian Cancer Signaling, and Hepatic Fibrosis/Hepatic Stellate Cell Activation (Fig. 4A) . The top 5 canonical pathways significant to the mRNAs and miRNAs found in the integrated fibrosis analysis using the NMF algorithm (Table 3) were Hepatic Fibrosis/ Hepatic Stellate Cell Activation; Role of Osteoblasts, Osteoclasts, and Chondrocytes in Rheumatoid Arthritis; NF-jB Signaling; Role of Macrophages, Fibroblasts, and Endothelial Cells in Rheumatoid Arthritis; and HMGB1 Signaling (Fig. 4B) . The top 5 canonical pathways significant to the mRNAs and miRNAs found in the integrated fibrosis (IPA) analysis (Table 4) were Hepatic Fibrosis/ Hepatic Stellate Cell Activation; Role of Osteoblasts, Osteoclasts, and Chondrocytes in Rheumatoid Arthritis; Colorectal Cancer Metastasis Signaling; ILK Signaling; and Granulocyte Adhesion and Diapedesis (Fig. 4C) . These results suggest that the miRNA and mRNA regulatory networks identified in our analysis are reflective of the inflammatory response and tissue remodeling biological processes during the onset and progression of fibrosis following MWCNT exposure. 
DISCUSSION
MWCNT are an important class of engineered nanomaterials with broad applications in many industries (Pacurari et al., 2010) . Concerns over potential MWCNT-induced toxicity have emerged, particularly due to the structural similarity between asbestos and MWCNT (Donaldson et al., 2006; Kobayashi et al., 2010; Muller et al., 2005) . Previous studies have shown that MWCNT induce lung damage, including inflammatory granulomas and substantial interstitial lung fibrosis (Mercer et al., 2011; Porter et al., 2010) . Pulmonary fibrosis has a poor clinical outcome (Bjoraker et al., 1998; Douglas et al., 1998; Flaherty et al., 2001; Schwartz et al., 1994) and may be a potential precursor to lung cancer (Auerbach et al., 1979; Peretz et al., 2006; Shiels et al., 2011; Yu et al., 2008) . However, there are no clinically applicable biomarkers for early detection and no effective treatment for pulmonary fibrosis due to its late diagnosis and poorly understood molecular mechanisms for initiation (Homer et al., 2011; Hoo and Whyte, 2012; Walter et al., 2006) .
Recently, there is emerging interest in exploring miRNAs as potential therapeutic targets and biomarkers for diagnosis and prognosis. Advantages of miRNA biomarkers include their presence in various bodily fluids (Chen et al., 2012; Mitchell et al., 2008) and greater stability in prepared tissue samples, including formalin fixation, relative to mRNA (Jung et al., 2010; Mraz et al., 2009; Xi et al., 2007) . The use of miRNA markers in the selection of appropriate treatments has the possibility for improving patient outcomes by determining the best application of existing drugs. Additionally, identifying miRNA biomarkers may aid in the development of novel treatments through the elucidation of new pathways (Avraham and Yarden, 2012; Iorio and Croce, 2012) .
This study used an integrated analysis of miRNA and mRNA time series microarray data to determine miRNA/mRNA regulatory relationships and potential signaling pathways either reflective of lung inflammatory and fibrotic pathologies, or functionally related to inflammation and fibrosis according to the Ingenuity Knowledge Base, after in vivo mouse exposure by pharyngeal aspiration to DM or 10, 20, 40, or 80 mg MWCNT at 7 or 56 days post-exposure (Porter et al., 2008 . We have previously described a novel computational model capable of using mRNA expression data from mouse lungs exposed to MWCNT to determine biological processes that were strongly associated with lung inflammatory and fibrotic pathologies (SnyderTalkington et al., 2013 ). In the current study, we used a similar approach to determine significant miRNAs associated with MWCNT-induced pathologies from time series microarray data and performed an integrated analysis, using both mRNA and miRNA expression, to determine integrated expression networks suggestive of potential biomarkers and signaling pathways reflective of lung inflammation and fibrosis after MWCNT exposure. We have previously described a system (MEGPath) for determining a set of genes reflective of lung inflammatory and fibrotic pathologies that have been shown to be functionally involved in inflammation and fibrosis through IPA (Dymacek and Guo, 2011; Snyder-Talkington et al., 2013) . The MEGPath system was designed to identify sets of genes from the MSigDB that, as a group, have transcriptional expression significantly resembling a known pathological pattern. These sets consist of genes belonging to the same biological processes or pathways. Genes sets that were transcriptionally associated with the inflammatory and fibrotic pathologies following MWCNT exposure (fold change >1.5, FDR <1% in SAM analysis) (Snyder-Talkington et al., 2013) were identified at each dose and time condition, and analyzed with IPA to determine those mRNAs detected by our system that were also shown in the scientific literature to be functionally involved in inflammation and fibrosis, respectively.
Although sets of mRNAs reflective of the pathological patterns could be curated from the MSigDB, there are currently no functional annotation databases for miRNA similar to the MSigDB, necessitating a different approach for miRNA analysis in this study. Here, 2 methods were used to determine miRNAs relevant to MWCNT-induced pathologies. First, we used a constrained NMF algorithm to determine significant miRNAs whose expressions were associated with the inflammatory and fibrotic pathologies in mouse lungs following MWCNT exposure. In the NMF analysis, miRNA expressions matched the inflammatory and fibrotic pathologies, but did not need to be experimentally validated in inflammation and fibrosis with IPA. Secondly, all significantly up-or down-regulated miRNAs were analyzed with IPA, and only those miRNAs shown to be experimentally validated in inflammation and fibrosis by the scientific literature were kept for further analysis. Both methods were conducted to ensure that all relevant miRNAs, those described in the scientific literature and those identified by our system, related to inflammatory and fibrotic pathologies were included for further analysis.
After identifying significant mRNAs and miRNAs related to in vivo inflammatory and fibrotic pathologies following MWCNT exposure, an integrated mRNA/miRNA analysis was performed to identify miRNA-regulated, post-transcriptional mechanisms involved in MWCNT-induced pathogenesis. Historically, paired miRNA and mRNA expressions are considered regulatory if they are predicted binding partners and have opposite expression directions. Therefore, traditionally, a negative correlation analysis is performed when determining regulatory pairs, as the miRNA and mRNA expressions should be in opposite directions to signify regulation. However, each miRNA may target multiple mRNAs; hence, over the course of time, a miRNA's expression may be changing to regulate multiple mRNAs and not be "opposite" of a targeted mRNA's expression at the same time point. Therefore, the discrete time points of time series data may miss critical moments when a miRNA's expression changes. In this study, we used a dynamic, second derivative analysis of mRNA and miRNA expression over time to determine potential mRNA/miRNA pairs that had expression in opposition at most time points, but may diverge from this trend at a few. This method may be more reflective of the regulatory feedback between mRNA and miRNA expression that changes over time but may be lost when only considering expression at a discrete time point.
After we used the second derivative analysis of expression profiles to identify potential regulatory miRNA/mRNA pairs, mRNA and miRNA functional relationships were assessed through the Ingenuity Knowledge Base, as well as by the miRTarBase (Hsu et al., 2014) , miRecords (Xiao et al., 2009) , and TargetScan (Lewis et al., 2005) databases. The Ingenuity Knowledge Base is based on the collated findings of patient phenotypes and disease, cellular, molecular, and sequence mechanisms, and all connections between miRNAs and mRNAs are supported by at least 1 reference in the scientific literature. The TargetScan database provided predicted regulatory mRNA/ miRNA pairs, whereas both miRTarBase and miRecords provided a mix of published, experimentally validated, and predicted mRNA and miRNA pairings. In our analysis, only those binding relationships considered to be highly conserved by TargetScan were considered to be "predicted targets" in our analysis (Tables 2-4) . IPA considers all relationships, both highly and poorly conserved; therefore, additional predicted relationships were found through the TargetScan database using IPA that were not identified through our second derivative analysis. It is worth noting that vegfa was experimentally confirmed in the fibrosis analysis to be an experimentally confirmed target of the tumor suppressor miRNA miR-205-5p (Wu et al., 2009 ) and the oncogenic miRNA miR-330-3p (Ye et al., 2008) . In our previous study, vegfa was predicted to be involved in both MWCNTinduced lung inflammation and fibrosis using both in vivo and in vitro mRNA and protein assays (Snyder-Talkington et al., 2013) . The interactions with these potential miRNA regulators could provide new insights into post-transcriptional regulatory mechanisms involved in MWCNT-induced lung angiogenesis, inflammation, and fibrosis. In addition, miR-23b-3p was experimentally confirmed as a regulator of smad4 (Rogler et al., 2009) , and miR-34c-3p was identified as a potential regulator of smad4 in MWCNT-induced fibrosis (Table 3) , revealing potential involvement of the TGF-b signaling pathway.
The regulatory networks of mRNA and miRNA determined by both IPA analysis and predicted binding due to sequence similarity in this study give a detailed view of potential regulatory networks and signaling pathways involved in MWCNT-induced inflammation and fibrosis. Core analysis of the significant integrated inflammatory mRNA and miRNA detected pathways involved cytoskeletal remodeling, acutephase and stress responses, cell adhesion and growth, and the accumulation of ECM proteins. Core analysis of the integrated fibrotic mRNA and miRNA (both NMF and IPA) detected pathways involved in the accumulation of ECM protein, chronic inflammation, innate and acquired immunity, cellular transcription and metastasis, integrin/ECM signaling, and leukocyte migration, suggesting that the miRNA and mRNA regulatory networks determined by our analysis are reflective of the inflammatory response and tissue remodeling that takes place during MWCNT exposure and the onset of fibrosis.
Although the gross response to MWCNT exposure has been well characterized, the underlying mechanisms behind the switch from a transient inflammatory response to progressive fibrosis are unknown. By analyzing both miRNA and mRNA in a dynamic integrated analysis, we determined regulatory signaling networks that are significantly related to inflammatory and fibrotic disease pathologies. We suggest that these regulatory networks may be important for determining the biological processes underlying lung inflammatory and fibrotic pathologies and may serve as potential biomarkers for early detection.
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